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Abstract 
There is at present much interest in unconventional sources of natural gas, especially in shale gas which is 
obtained by hydraulic fracturing, or ‘fracking’. Boreholes are drilled and then lined with steel tubes so that a 
mixture of water and sand with small quantities of chemicals – the fracking fluid – can be pumped into them at 
very high pressure. The sand grains that wedge into the cracks induced in the shale rock by a ‘perforating gun’ 
then releases gas which returns up the tubes. In the United Kingdom (UK) exploratory drilling is at an early 
stage, with licences being issued to drill a limited number of test boreholes around the country. But such 
activities are already meeting community resistance and controversy. Like all energy technologies it exhibits 
unwanted ‘side-effects’; these simply differ in their level of severity between the various options. Shale gas may 
make, for example, a contribution to attaining the UK's statutory ‘greenhouse gas’ emissions targets, but only if 
appropriate and robust regulations are enforced. The benefits and disadvantages of shale gas fracking are 
therefore discussed in order to illustrate a ‘balance sheet’ approach. It is also argued that it is desirable to bring 
together experts from a range of disciplines in order to carry out energy technology assessments. That should 
draw on and interact with national and local stakeholders: ‘actors’ both large and small. Community 
engagement in a genuinely participative process – where the government is prepared to change course in 
response to the evidence and public opinion - will consequently be critically important for the adoption of any 
new energy option that might meet the needs of a low carbon future. 
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1.          Introduction 
1.1 Background 
Economic growth is underpinned by energy sources of various kinds. But all energy technologies have 
unwanted ‘side-effects’; they simply differ in their level of severity. Hydraulic fracturing, or ‘fracking’, for 
shale gas is a particularly controversial energy option that is receiving significant development support by the 
present United Kingdom (UK) Coalition Government. Licences have been issued by the Department of Energy 
and Climate Change (DECC) to drill a limited number of test boreholes around the country (see, for the case of 
England, [1]). These boreholes are then lined with steel tubes, and a mixture of water and sand with small 
quantities of chemicals – the fracking fluid - is pumped into them at very high pressure. The sand grains that 
wedge into the cracks induced in the shale rock by a ‘perforating gun’ then releases gas which returns up the 
tubes (see Fig. 1). The UK Government is attracted by the possible benefits of securing large quantities of shale 
gas for the UK as an energy ‘game changer’: leading to a potential ‘Golden Age of Gas’, according to the 
International Energy Agency (IEA) [2]. The IEA sees shale gas as contributing about 14% to global gas 
production by 2035. However, the exploitation of fracking will involve a range of advantages and disadvantages 
('credits and debits') that will fall disproportionately on different sections of British society. So it is necessary to 
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identify the components of a shale gas fracking ‘balance sheet’ of the sort employed in technology assessment 
[3-5] to evaluate its impact on communities, countryside and wildlife  and whether it is compatible with Britain's 
move towards a low carbon future in 2050 and beyond. 
 
1.2  Historical Development of Fracking for Shale Gas 
    The technique of hydraulic fracturing began in the United States of America [6] in around 1949 when the first 
two, small-scale commercial vertical wells were initiated in Oklahoma and Texas respectively [7,8]. But it  was 
not until 1997 that the process known as ‘slickwater fracturing’ was developed and implemented in the Barnett 
Shale by the then Mitchell Energy . This is a method that involves adding chemicals to water to increase the 
flowrate at which the fracking fluid can be pumped down a well-bore to fracture extremely dense shale. The 
fracking fluid is made up of around 98.50% water, 1.00% sand, and 0.05-0.50% chemical additives [6]. These 
chemicals are friction reducers, usually a polyacrylamide, together with biocides, surfactants and scale 
inhibitors. Biocides prevent organisms from blocking the ‘up downhole’ and fissures, whereas surfactants keep 
the sand grains in fluid suspension. Other chemicals that are sometimes employed include benzene, chromium, 
and a number of other compounds [6]. North American fracking companies keep the composition of this 
chemical ‘cocktail’ secret , claiming commercially confidentiality, although an independent study identified 
about 650 separate chemicals compounds However in the UK, companies are obliged under the Water 
Resources Act 1991 to disclose the composition used. Many of these are known to be toxic and widespread 
concern has been expressed over potential water contamination [6, 9-11]. Nevertheless, it was this pressure-
induced slickwater fracturing (see again Fig. 1) that made shale gas extraction economical by radically reducing 
the costs of horizontal fracking [6]. 
 
1.3 The Issues Considered   
    The possible benefits and disbenefits of shale gas fracking include economic, environmental, safety and social 
consequences [12] for the UK. Here they are discussed as an example of a ‘balance sheet’ approach: analysis 
rather than advocacy. In order to draw up an objective and rigorous set of credits and debits for shale gas 
fracking (or indeed other critical technologies) as part of a national dialogue, it is argued that is desirable to 
bring together experts from a wide range of disciplines to undertake energy technology assessments (ETA) [5] 
that exhibit balance, objectivity and broad public participation. This should draw on and interact with national 
and local stakeholders: ‘actors’ both large and small. Community engagement will consequently be critically 
important for the adoption of any new energy option that might meet the needs of a low carbon future. This 
contribution is part of an ongoing research effort aimed at evaluating and optimising the performance of various 
sustainable energy systems (see, for example, Hammond et al. [13] and Hammond and Hazeldine [14]) in the 
context of transition pathways [15,16] to the statutory target of a reduction of UK emissions by at least 80% 
from 1990 levels by 2050 . It is aimed at illustrating the consequences of shale gas fracking within a UK setting 
in the light of imperfect, and sometimes contradictory, information. Nevertheless, such assessments provide a 
valuable evidence base for communities, developers, policy makers, and other stakeholders. 
2.         The Potential Shale Gas Resource in the UK 
    On the positive side of the ‘balance equation’ is the prospect that fracking could potentially yield significant 
quantities of shale gas to meet the Britain’s energy needs. In contrast (on the negative side), the IEA warn that 
the significant global development of this gas would put the world on a trajectory towards a long-term 
temperature rise of over 3.5°C; well above the widely suggested 'safe' level of 2°C [2]. The British Geological 
Survey (BGS) [17] has estimated the possible reserves of shale gas in the Bowland-Hodder study area or ‘play’ 
(encompassing national parks and major cities) and the Weald in the South East for DECC, see Fig. 2. The great 
uncertainties inherent in such provisional estimates can only be refined by extensive investigative drilling, 
possibly requiring hundreds wells [18,19]. However, making assumptions about recovery rates (based on 
experience at over 10,000 US fracking sites) and the proportion of available resources extractable in the UK, the 
BGS suggest [17] that recoverable shale gas resources might be equivalent to some 25-50 years of current UK 
natural gas (NG) demand. That would significantly contribute to Britain’s energy security and independence.  
3.         Shale Gas Socio-Economic and Market Issues  
    The UK balance of payments would obviously benefit significantly from the large-scale development of shale 
gas extraction, although it is unlikely that gas bills for household and industrial consumers would fall 
dramatically as they have done in North America. This is because the USA is effectively a “natural gas island” 
with very limited ‘Liquefied Natural Gas’ (LNG) imports via the gas trading hubs of Europe [20]. In the USA, 
supplies of conventional NG have been drying up, and unconventional gas (including from shales) has been able 
to grow rapidly to meet some 60% of marketed production, according to the IEA [2]. Many US energy analysts 
believe that this fall in gas prices to historically low levels has been caused by advances in extraction 
techniques, particularly fracking, driving down production costs. Much of this shale gas production occurred as 
an almost ‘free’ co-product of unconventional oil extraction. In contrast, the UK is part of the wider European 
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natural gas market [21] where the gas price is determined by the supply and demand for indigenous natural gas, 
imports from Russia, and LNG from North Africa and Middle East. Shale gas supplies in the UK will only 
provide a small fraction of those in this wider gas market. So the household economic benefits in Britain are 
therefore unlikely to live up to the hopes of the UK Prime Minister (David Cameron), who argued in the Daily 
Telegraph newspaper (11/08/13) that it would “see lower energy prices in this country”. David Cameron also 
cited job creation as another socio-economic benefit. That will undoubtedly follow successful shale gas 
exploitation, but it is unclear whether this would be any greater than for equivalent programmes aimed at 
supporting the adoption of energy demand reduction measures or small-scale low carbon energy options.  
 
 
 
    Perhaps the most important socio-economic issue concerns the distribution of the benefits and costs of shale 
gas fracking between various communities and demographic groups. Depending on how much shale gas can be 
exploited, the UK overall could benefit from improved energy security and reduced balance of payments, but it 
is local communities that will bear the risks of fracking. The Coalition Government intends to offset this 
potential harm by encouraging (but not requiring) the extraction industry to sign up to a charter that will 
guarantee payments of some £100,000 to communities located near shale gas exploratory wells. If the gas is 
ultimately exploited, then they would receive one per cent of the resulting revenues. 
4.         Induced Seismicity  
    Great public concern over shale gas fracking was triggered in 2011 by two seismic tremors, or minor 
earthquakes, caused by exploratory drilling at the Cuadrilla Resources site at Preese Hall near Blackpool. 
Subsequent studies by DECC [22], aided by independent experts, together with a review of the scientific and 
engineering evidence on shale gas extraction undertaken by the Royal Society (RS) and the Royal Academy of 
Engineering [23],found that suitable controls were available to mitigate the risks of undesirable seismic activity. 
It was argued that the most likely cause of the Preese Hall tremors was ‘induced seismicity’; caused by the 
injection of fracking fluid into and along faults that had already been under stress. The fault then shifts, leading 
to perceived surface tremors. The DECC subsequently announced the introduction of a set of requirements for 
new controls, permissions and risk assessments on fracking operations in 2012, including oversight by the 
Health and Safety Executive (HSE), at Preese Hall and all future shale gas exploration wells. They included a 
‘traffic light’ seismic monitoring system [22], as advocated in the RS/RAEng study [23]. Nevertheless, earth 
scientists (see, for example, Davies et al. [24]) viewed the fault diagnosis as incomplete, and proposed the 
additional use of borehole imaging before injection. Recently Westaway and Younger [25] suggested that the 
existing regulatory limits applicable to quarry blasting could be readily applied to cover such induced 
seismicity. They argued that future fracking activities in the UK is only likely to cause “minor damage”, and 
that seismic monitoring could be used to ‘police’ compliance with the regulatory framework. 
5.         Water Use and Contamination 
    Fracking for shale gas typically takes place several hundreds of metres below drinking water aquifers. 
Unconventional gas enthusiasts argue that there have been no cases of groundwater contamination due to 
fracking in the United States, although the US Environment Protection Agency is less confident of that and its 
studies are therefore continuing. Hydraulic fracturing requires large quantities of water dependent on the 
properties of the shale rock involved. It ranges from 10,000-30,000 m3 of water per fracking operation or well 
[26]. Excessive water use may lead to a fall in the availability of public water supply, ecosystem degradation 
        Fig. 1. The shale gas 'fracking' process (Source: adapted from   
                    Transition Haslemere.) 
       Fig. 2. Potential UK shale gas reserves [sites - dark shading]  
                   (Source: adapted from Standpoint magazine, April 2012;     
                  after BGS [17].) 
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and adverse effects on aquatic habitats, erosion, and changes in water temperature [26]. Abstracting water from 
resources under stress should therefore be avoided. Some of this water may be recyclable, although it could be 
contaminated, for example, by Naturally Occurring Radioactive Material (NORM). The RS/RAEng report [23] 
suggests that the latter are found in shales at significantly lower levels than safe exposure limits. Nevertheless, 
wastewaters require careful management and monitoring in order to ensure that NORMs do not become 
concentrated. Recycled fracking fluid could be used for ongoing fracking operations [26], except that a 
proportion of this is not recovered. In the USA some concern has been expressed over the possibility of methane 
levels in water that might be high enough to be flammable [27]. It has been asserted by DECC [27] that these 
are normally caused by failures in the well construction or natural background levels of methane rather than 
fracking per see. Indeed the RS/RAEng review [23] considered the possibility of direct groundwater 
contamination to be very unlikely, although it could result from faulty wells. The RS/RAEng review also 
warned that environmental contamination including 'faulty wells, and leaks and spills associated with surface 
operations' were to be expected as they are common to all oil and gas wells and extractive activities. 
6.         Environmental Impacts  
6.1 Local Environmental Pollution, Health and Related Impacts  
    There are various local environmental impacts from shale gas fracking: the excessive water use, groundwater 
contamination and wastewater handling as discussed above, as well as noise, odours, and the disposal of solid 
wastes. In order to prevent contamination, the integrity of fracking wells must be ensured. Guidelines for 
achieving this were recommended in the RS/RAEng report [23], which are largely reflected in documents 
produced by the American Petroleum Institute and the HSE that are recommended by DECC [28]. Both well 
design and construction are overseen by an Independent Well Examiner and the HSE Wells Inspector. It is 
believed that properly designed wells should not pose a risk of contamination to underground aquifers [28]. Of 
course regulation, however good, is ineffective without rigorous enforcement backed by seriously deterrent 
penalties. In addition, there are aesthetic concerns: visual intrusion of the sort that also results from onshore 
wind turbine developments. Shale gas fracking requires site operations at the wellhead, as well as the collection 
and distribution of unconventional gas from the site [29]. Public resistance often focuses on the increased traffic 
and vehicle exhaust emissions, particularly those emanating from heavy road transport vehicles. Drilling often 
takes place on landscapes of natural beauty that include sensitive wildlife habitats [29]. Operational 
environmental permits for shale gas fracking in the UK are issued by the EA, NRW, or the SEPA (as 
appropriate) on a site-by-site basis in line with the requirements imposed in water abstraction licenses, and 
actual usage monitored over time. 
 
6.2 Climate Change and Fugitive Emissions  
    The 2008 UK Climate Change Act [16] set a legally binding target of reducing the nation’s greenhouse gas 
emissions overall by 80% by 2050 in comparison to a 1990 baseline. Gas-fired power stations emit far fewer 
‘greenhouse gases’ (GHGs) per unit of electricity output than coal-fired ones and, for this reason, it is favoured 
by Helm [29] as a transitional energy option. Two of the main sources of global warming impact arising from 
shale gas development are the fugitive methane emissions leaked and vented during extraction processes, and 
carbon dioxide (CO2) emissions from the combustion of the shale gas to produce electricity. Similarly to 
conventional gas, the majority of the impact is a result of the combustion of the shale gas. However, there is 
greater variation in fugitive methane emissions from the extraction process, depending on the given location, 
particularly in terms of enforced environmental legislation. Therefore, much of the controversy over the global 
warming impact of shale gas technology focuses on such fugitive methane. Methane is a much more powerful 
GHG than CO2, although its resides in the atmosphere for only 12 years [30]. Some of it may be flared 
(converting it to CO2), rather than vented, but this is not or cannot always be done.  
    The most recent values of global warming potential (GWP) for GHGs are provided by the Intergovernmental 
Panel on Climate Change (IPCC) [31] over three separate time horizons: 20, 100 and 500 year respectively. 
Scientifically speaking, the use of the three different time horizons are all equally valid for assessing GHGs. 
Short-lived, more potent GHG such as methane have much higher GWP over the 20 year horizon, trapping 86 
times more heat than carbon over this period, compared to 34 over a 100 year horizon [31]. Some have argued 
that it might be more pertinent to consider methane emissions over the 20 year horizon to assess the danger it 
poses to our climate system in the short-term. However, the 100 year horizon has been widely used by many, 
providing a balance between short-term and long-term impact of GHGs on climate change. Furthermore, this is 
particularly appropriate given that CO2 accumulates over time in the atmosphere, whereas methane dissipates. 
Accordingly, the results presented in this assessment of the lifecycle GHG emissions from shale gas are over a 
100 year time horizon. 
    Upstream GHG emissions estimated by several studies have been collated [32-38] in order to explore the 
potential ‘carbon footprint’ of UK shale gas (see Fig. 3). The controversial study by Howarth et al. [38] was 
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excluded when averaging this data, because of its relatively high estimates for fugitive emissions. Should 
rigorous and effective environmental legislation be introduced in the UK, this level of emissions is unlikely to 
be permitted. Emissions data from the Ecoinvent database version 2.2 [39] were used to account for UK NG 
when generating the latter mix; for both domestic and imported UK fuel routes [from Norway, the Netherlands, 
the rest of the European Union (EU), and via LNG]. The full life-cycle GHG emissions of shale gas electricity 
generation are compared to the NG generation using the current UK gas mix, LNG and Russian gas respectively 
in Fig. 4. The LNG emissions data were taken from a review undertaken previously by two of the present 
authors [40]. The operational (or ‘stack’) emissions are based on current UK technology, but may fall over time 
as more efficient plants come online. Total life-cycle emissions of shale gas generation were estimated to be in 
the range of 480-546 gCO2e/kWhe, 4-18% greater than emissions from the current UK gas mix, with a central 
estimate of 14% greater GHG emissions. Thus, providing effective regulation to curtail fugitive emissions are in 
place, electricity generation using shale gas could offer significant savings in carbon emissions when displacing 
coal-fired generation as part of a transitional energy strategy. This result is in keeping with other estimates 
found in literature [32,35] and a study carried out by DECC [41], which saw a moderate disparity between 
conventional and unconventional gas. There are large uncertainties associated with these findings, and they 
should only be considered as ‘indicative’ until real operational data are available. 
  
          
 
Figure 1. Central estimates for upstream GHG emissions associated  
               with unconventional gas compared to current UK gas mix 
      Figure 2. Life-cycle GHG emissions for gas generation  
                     with different gas sources 
     
    Sensitivity analysis performed in connection with shale gas studies have shown large ranges in the impact of 
shale gas, particularly in terms of fugitive emissions and the estimated ultimate recovery per well [42-44]. 
Hence, without effective regulation (backed by rigorous enforcement and seriously deterrent penalties) to 
minimise these fugitive methane emission, many hypothetical advantages of shale gas may not be realised. 
Legislation to address fugitive methane from shale gas have not yet been specified in the UK, however, it is 
envisioned that they will be treated in the same manner as fugitive methane from current UK oil and gas 
production. Consent for venting or flaring in this sector (reserved mainly for maintenance and emergency 
procedures) must be granted by DECC [45] who are committed to keeping these emissions to a technical and 
economic minimum. 
 
6.3 Comparing Environmental Burdens from Different Life-cycle Impact Categories  
    A recent life-cycle study by Stamford and Azapagic [42] has generated some controversy in the way their 
results have been represented in the media: as “fracking trumps renewables”. This is because the authors 
examined a variety of life-cycle impact categories in addition to climate change (for which their central estimate 
was 462 gCO2e/kWhe). Shale gas was comparable or superior to conventional gas, nuclear power and 
renewables in terms of the depletion of abiotic resources and eutrophication, as well as freshwater, marine and 
human toxicities. In contrast, they found shale gas to be more environmentally damaging when photochemical 
smog and terrestrial toxicity were examined; both, of course, are associated with excess human mortality. 
Nevertheless, carbon footprints have become the ‘currency’ of debate in a climate-constrained world [40], 
where the UK is seeking to dramatically reduce its carbon emissions by 2050. It is therefore of greater 
significance than these other (important, although perhaps not critical) impact categories. In that regard, shale 
gas fracking certainly does not “trump renewables”. 
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7.             Public and Stakeholder Engagement   
    UK Government Ministers have indicated their concern over the fierce resistance to their shale gas fracking 
policies; particularly from rural communities in both the south and north of England (see again Fig. 2). Such 
communities must be engaged in a two-way dialogue aimed at clarifying the impacts of the shale gas fracking 
process, along with its potential costs and benefits. Public opposition could prove to be a ‘showstopper’ for this 
energy option unless the various stakeholders are engaged in an appropriate consultation. Pigdeon et al. [46] 
recently examined some of the critical issues concerning the design and conduct of public deliberation processes 
on energy policy matters of national importance. They note that national-level policy issues are often inherently 
complex; involving multiple interconnected elements and frames, analysis over extended scales, and different 
(often high) levels of uncertainty. It is their view that facilitators should engage the public in terms of ‘whole 
systems’ thinking at the problem scale, provide balanced information and policy framings, and use different 
approaches that encourage participants to reflect and deliberate on the issues. This is similar to what is often 
referred to as interactive, participatory methods by the technology assessment community [3-5].   
8.             Planning, Regulation and Monitoring 
    One set of issues about which politicians of different persuasions and community groups agree is on the 
important need for adequate measures in the area of unconventional gas planning and regulation. Nevertheless, 
it has yet to be determined if what community groups consider effective regulation will be accepted and upheld 
by the government. For instance, many local groups are opposed to recent moves by the UK Government to 
facilitate planning permission for fracking by preventing landowners objecting to the process taking place under 
their land [47]. DECC issues licenses to onshore oil and gas operators for exclusive drilling rights, and have 
listed a long set of pre-drilling approvals that are needed from the various regulators [1]. Operators are required 
to obtain planning permission from the appropriate UK minerals planning authority (county council or unitary 
authorities in England and the planning authorities in Scotland and Wales) and seek access to the site from 
landowners [1]. It has also been argued that prior evaluations of well integrity should be undertaken before 
drilling can commence, followed by mandated disclosure of hazardous incidents, ongoing process monitoring 
and contamination assessments. Public Health England [48], for example, have recently proposed that baseline 
environmental monitoring be instigated in order to facilitate the impact assessment of shale gas extraction on the 
environment and public health, that the fracking chemicals (including NORMs) should be publicly disclosed and 
their risks assessed before use, and that the type and composition of the extracted gas should be determined on a 
site-by-site basis.  
 
9.             Concluding Remarks  
    An energy technology assessment (ETA) has been undertaken [3-5,13,14] in order to evaluate the credit and 
debit ‘columns’ of the shale gas fracking ‘balance sheet’. The extraction technology is at a very early stage of 
development in the UK with great uncertainty over the scale of the potential shale gas resource. An extensive 
programme of investigative drilling across the country will therefore be needed in order to provide reliable 
estimates; possibly requiring hundreds of exploratory wells [18,19]. Nevertheless, the successful exploitation of 
large-scale development of shale gas extraction in the UK might contribute positively in terms of fuel security 
and independence, as well as jobs and growth, providing the serious problems outlined here can be satisfactorily 
resolved. But it is unclear whether the latter job creation would be any greater than for equivalent programmes 
aimed at supporting the adoption of energy demand reduction measures or small-scale low carbon energy 
options. Similarly, the UK balance of payments would benefit, although it is unlikely that gas bills for 
household and industrial consumers would fall dramatically as they have done in North America. This is 
because the UK gas price is determined by the supply and demand across the wider European natural gas market 
[20].  
    Hydraulic fracturing requires significant quantities of water which may lead to a fall in the availability of 
public water supply, ecosystem degradation and adverse effects on aquatic habitats, erosion, and changes in 
water temperature [26]. Recycled fracking fluid could be used for ongoing fracking operations [26], except that 
a proportion of this is not recovered. In the USA some concern has been expressed over the possibility of 
methane levels in water that might be high enough to be flammable [27]. DECC has put in place minimum 
requirements [27] to avoid groundwater contamination from poorly fabricated wells. The life-cycle carbon 
footprint of shale gas has been shown to be lower than that of coal-fired power generators providing stringent 
regulation is implemented to minimise fugitive methane emissions. On the other hand, the life-cycle carbon 
footprint was shown to be slightly higher than conventional gas, and considerably higher than nuclear power and 
renewables. It could therefore form part of a transitional UK energy strategy [29], although this might prohibit 
the attainment of a low (near zero) carbon transition pathway by 2050. The penetrations of shale gas into the UK 
energy mix would likely lead to the lock-in of gas-fired power generation for some decades. Furthermore, 
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without the large-scale use of carbon capture and storage (CCS) [49] such a transition would be incompatible 
with meeting legislated carbon budgets and limiting GHG concentrations to a 'safe' level [50]. 
    The socio-economic benefits and costs of shale gas fracking are not evenly distributed between various 
communities and demographic groups. Thus, the UK overall might benefit from improved energy security and 
reduced balance of payments, whilst it will be local communities that bear the adverse environmental and health 
risks of fracking. Induced seismicity caused by the injection of fracking fluid into and along faults that are 
already under stress can lead to minor earthquakes or surface tremors. However, several prominent UK earth 
scientists have argued [24,25] that future fracking activities in the UK are only likely to cause ‘minor damage’; 
yet again, provided a robust regulatory framework is put in place. Local environmental impacts are critical to 
neighbouring communities near the wellhead. They focus on shale fracking site operations at the wellhead, as 
well as the collection and distribution of unconventional gas from the site [29]. Public resistance has been 
concerned about increased traffic and vehicle exhaust emissions [48], particularly those emanating from heavy 
road transport vehicles. In addition, drilling places environmental burdens on landscapes that are often in areas 
of natural beauty with sensitive wildlife habitats [29].  
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